The shape of a bacterium is important for its physiology. Many aspects of cell physiology such as cell motility, predation, and biofilm production can be affected by cell shape. Bacterial cells are three-dimensional (3D) objects, although they are rarely treated as such. Most microscopy techniques result in two-dimensional (2D) images leading to the loss of data pertaining to the actual 3D cell shape and localization of proteins. Certain shape parameters, such as Gaussian curvature (the product of the two principal curvatures), can only be measured in 3D because 2D images do not measure both principal curvatures. Additionally, not all cells lie flat when mounting and 2D imaging of curved cells may not accurately represent the shapes of these cells. Accurately measuring protein localization in 3D can help determine the spatial regulation and function of proteins. A forward convolution technique has been developed that uses the blurring function of the microscope to reconstruct 3D cell shapes and to accurately localize proteins. Here, a protocol for preparing and mounting samples for live cell imaging of bacteria in 3D both to reconstruct an accurate cell shape and to localize proteins is described. The method is based on simple sample preparation, fluorescent image acquisition, and MATLAB-based image processing. Many high-quality fluorescent microscopes can be simply modified to take these measurements. These cell reconstructions are computationally intensive and access to high-throughput computational resources is recommended, although not necessary. This method has been successfully applied to multiple bacterial species and mutants, fluorescent imaging modalities, and microscope manufacturers.
Introduction
Cells of all types regulate their shapes for specific functions. For example, neurons are shaped differently than blood cells and have different functions. Similarly, bacterial cells come in a variety of shapes and sizes, although the purpose of these shapes is not always known 1, 2 . Therefore, it is important that the shape of bacterial cells be accurately determined. The method outlined shows an easily implemented way to collect data suitable for the 3D analysis of most live or fixed bacterial cells.
The method described enables one to take 3D images of bacterial cells in order to accurately represent the 3D cell shape of the sample and to precisely localize proteins within these shapes. Traditional microscopy techniques take 2D images, which is problematic when studying cells that have abnormal or nonsymmetrical shapes, such as mutants of Escherichia coli, or curved bacteria such as Vibrio cholerae and Helicobacter pylori. While high-resolution 3D images are the key input to this method, the method does not return a resolution-enhanced image. Rather, this method reconstructs the 3D surface coordinates and shape of the cell using a forward convolution algorithm using active contours and the apparent blurring function of the microscope 3 (Figure 1) . It has been used to study the bacterial actin homolog MreB in E. coli 4, 5, 6, 7 , the novel periskeletal element CrvA in V. cholerae 8 , and the putative bactofilin CcmA in Helicobacter pylori 9 (Figure 2) .
The localization of proteins can give insight into their functions. For example, proteins involved in cell division are normally localized to the midcell 10, 11 . High-throughput studies have been undertaken to localize all the proteins of a bacterium in hopes of gaining insight into their functions 12 . Unfortunately, these studies were performed with 2D imaging and 1D or 2D analysis, making it impossible to measure specific aspects of protein localization, such as localization to cellular geometric features.
For example, MreB, a dynamic protein required for the rod shape of many bacteria, is hypothesized to work by directing the localization of cell wall synthesis, and its localization mirrors the localization of cell wall synthesis 7, 13 . MreB from multiple species shows geometric enrichment , one needs to have the ability to move 0.5x the smallest desired step size, or 2x the desired spatial frequency. For the 100 nm steps needed in this protocol, a stage with a precision of 50 nm or less is required. 2. Ensure that the microscope contains a 100x objective with a minimum numerical aperture (NA) of 1.45.
1. Collect z-stacks of between 200−400 different cells to ensure enough cells are obtained for downstream applications. NOTE: The number of cells needed depends on the underlying variability of the sample of interest. Some of the cells collected at this point will not make it through the reconstruction steps.
3. Ensure that the z-stack matches the settings used for the shape channel if a secondary fluorescent channel (protein, metabolic label, etc.) is measured.
Imaging
1. Insert the sealed slide onto the microscope and allow it sit for 5 min to equilibrate the temperature with the surroundings, because the microscope room may be at a different temperature than the sample preparation room. 2. Take a fluorescent z-stack of the sample. NOTE: The z-stack should entirely cover the sample with a z-spacing less than the depth of field. For a 1.45 NA 100x objective and ~1 μm thick E. coli cells, 40 steps at 100 nm per step work well. For larger cells or cells that do not lie perfectly flat on the surface, 50 or more steps may be necessary. Include enough steps and ensure that the sample is fully blurred above and below. 1. Use the software associated with the microscope (see Table of Materials) to control the microscope. 2. Focus on the middle of the cell using the microscope focus wheels. Under ND acquisition check the Z box to take a z-stack. Click the Home button to set the middle of the cell as the starting point. Set the Step size to 0.1 µm and set the Range to 4 µm. Make sure that the Z device is set to the piezo stage. 3. Set the fluorescent channels under the Lambda Window to the settings for the fluorescent molecules being imaged. In this experiment GFP and mCherry were used. NOTE: Take an additional z-stack with the same Step Size and Range in the second color channel if the 3D distribution of an additional fluorescent channel is desired. In this experiment, cytoplasmic mCherry was used to determine cell shape and MreB-GFP was used as a second color channel 21 . 4. Ensure that the Order of Experiment is set to lambda (z series) so that it will take a complete z-stack in each color channel before switching. 5. Click Run Now to start the image acquisition and save the file onece one or both z-stacks are complete. 6. Move to a new area on the pad and repeat steps 4.2.2-4.2.5.
Cell Reconstruction

Crop individual cells and save the images as a stacked tiff file so that there is only one cell per file. Ensure that this cell is well
isolated from any other cells (i.e., roughly 5x the full-width half-maximum of the blurring function in xy. NOTE: This can be done using freely available image analysis software (see Table of Materials). 1. Draw a box around an individual cell and Duplicate that cell 2x, once for each channel. Make sure the duplicate hyperstack box is checked and change the channel to either 1 or 2, making sure that the slices include the entire z-stack. NOTE: If imaging only the shape of the cells and not an additional fluorescent protein, only one channel will be present. 2. Once both stacks are available go to Images | Stacks | Tools | Concatenate to combine the images with the protein channel first and the shape channel second. 3. Save the new image as a tiff file. 22 . This needs to be done for each microscope and microscope objective but can be performed before or after imaging the samples of interest.
Measure the blurring function of the microscope using subdiffraction limited fluorescent beads
1. Average together multiple independent beads with some manual intervention using available software (see Table of Materials).
NOTE:
The final product should be a 3D image of the blurring function with the same xyz spacing as the samples of interest.
3. Run the forward convolution cell shape reconstruction scripts using available software. The latest version of these scripts can be freely downloaded from https://github.com/PrincetonUniversity/shae-cellshape-public. 23 , the pixel size in xy (nm_per_pixel), and the name of the script that loads the blurring function of the microscope (psfScript) match the experiment. The gradient field should be set to 1 if the shape channel is cytoplasmically filled and 0 if it is a membrane-stained object. 3. Run Cell_shape_detector3dConvTriFolder function (shae-cellshape-public/CellShapeDetectorTri/) with the string to the folder location followed by the number of the cell to start on, and the number of cells you want to run. NOTE: An example for the input will look as follows: Cell_shape_detector3dConvTriFolder ('path to folder with cropped images', starting index in folder, # of cells). A typical cell may take between 5−20 min for the reconstruction to converge and finish.
4. Screen the cell reconstructions to ensure that they are correct before using the cells for any statistical analysis. 1. Run ScreenFits (shae-cellshape-public/shae-fitViewerGui/) to visually screen individual cell reconstructions. 2. Click the select folder button when the graphical user interface (GUI) opens, then select the folder with the reconstruction data files (TRI.mat) created in step 5.3. 3. Select the box next to the cell reconstruction if a cell appears misshapen or did not fully converge (Figure 3) . This could look like a cell with a hole, a flat side, or a branch coming out of it. This will append 'FLAG' to the file name so that it can be excluded from any downstream analysis. 2. Select the newly created (5.5.1) curve.mat file. NOTE: A curve.mat file will be created for each folder that was selected in 5.5.1. All of the enrichment profiles will be presented on one graph. If individual graphs are required than run 5.5 for each folder. NOTE: In addition to the precise geometric localization of a fluorescent protein, there are many other ways to analyze the data from the secondary channel, including counting the number, size, and orientation of objects 4 .
Representative Results
Bacteria come in a wide variety of shapes and sizes that may determine their functions in nature 1 . The outcome of this procedure is an accurate 3D representation of cells from the forward convolution of a z-stack of images (Figure 1) . This method is especially important when dealing with curved cells (Figure 2) , or with abnormally shaped cells (Figure 4A) , as a 2D representation does not reflect the curvature of the cells accurately. In order to use the forward convolution method (Figure 1A) , cells need to be either peripherally stained or have a cytoplasmic stain (Figure 2B . Because MreB is associated with the membrane, 3D imaging is required to faithfully reproduce its position in the cell. By making these measurements in 3D, we were able to reconstruct the shapes of both wild type and rodZ mutant cells (Figure 4A) . The localization of MreB was shown to be enriched at small Gaussian curvatures, a geometric feature that can only be measured in 3D, in a RodZ dependent manner (Figure 4B ). 
Discussion
A critical step in this protocol is the acquisition of high-quality images. To properly reconstruct the cells, there must be enough blurring above and below the cell. Therefore, it is imperative that the z-stack taken covers a large enough distance. The number of steps taken during the image acquisition can be adjusted for each strain. For example, E. coli cells deleted for rodZ are wider and require more steps, and therefore, a greater distance, than wild type cells. If the sample drifts during image acquisition, the reconstruction can have major errors. Therefore, it is important to let the slide come to thermal equilibrium with the microscope before imaging to avoid drift during the z-stack acquisition. Cells should be imaged on pads with low autofluorescence. Media components, such as those found in the common LB medium, have autofluorescence that can cause problems when trying to reconstruct the cells. The density of cells on the imaging pad is important because the reconstruction process is performed independently on each cell. Too few cells will increase the time needed to obtain images of a sufficient number of cells, while too Copyright © 2019 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License October 2019 | 152 | e60350 | Page 7 of 8 many cells will result in imaging fields that are too dense to easily crop individual cells. Because not all cells reconstruct properly, extra cells should be imaged during the acquisition step and all outputs should be screened before moving forward with statistical analysis (Figure 3) .
Many of the limitations for this method are technical. On the microscope to be used, one must have an objective that has a high numerical aperture (typically >1.4), because this enables optical sectioning on the size scale of bacteria. Additionally, the microscope needs to be equipped with a piezo stage that can take small, precise steps in the z-direction. Furthermore, while it is not necessary, access to high-throughput computational resources to run the image analysis software is highly recommended because it will reduce the processing time to reconstruct cells.
One conceptual limitation to the method is that the correct energy scales for weighting the smoothness of the reconstruction relative to the signal-to-noise ratio of the images must be chosen. To validate a choice of parameters, the sizes and shapes of cells should be measured using independent methods such as transmission electron microscopy (TEM) or atomic force microscopy (AFM). As a proof of principle, 3D reconstructions of cells were performed either on an AFM to test for z-accuracy (<50 nm) or on a TEM grid to test for xy-accuracy (<30 nm) 3 . Such a correlated approach is time consuming and costly. A simpler approach may be to image standard samples such as wild type cells or 1 µm spherical beads. The diameter and sphericity of the reconstructions can be used to ensure that the size and energy scales used in the reconstruction are correct. This is not the only method that seeks to extract high resolution spatial information from fluorescence microscopy images. Many review articles describe recent advances in the field of super-resolution microscopy 24, 25 . Resolution-enhancing techniques such as deconvolution microscopy 26 , spinning disk confocal microscopy 27 , pixel reassignment 28 , and structured illumination microscopy (SIM) 29 seek to improve the resolution of the images acquired by the microscope. These methods are not incompatible with the approach presented. Recently this method was adapted to allow for SIM-based images as inputs 9 . While the forward convolution method shares some of its underpinnings with deconvolution microscopy, it has a completely different output. Whereas approaches such as deconvolution microscopy seek to improve the resolution of the image, this approach does not generate an image but rather a cell shape reconstruction with roughly 50 nm precision. Single-molecule active-control microscopy techniques based on sparsely labeled samples can provide even higher levels of spatial precision than this method. In many cases, these single molecule approaches require optimization of the fluorescent constructs and can require long acquisition times, making them difficult to use with live or dynamic samples. Each of these methods comes with one or more caveats that this method does not. For instance, the benefits advertised by spinning disk confocal microscopy are not as applicable to monolayers of bacterial cells, where there is not much out of plane light. Furthermore, this method provides a pipeline to acquire accurate 3D cell shapes and protein localization without the need of any specialized fluorophores. This method has minimal hardware requirements (i.e., z piezo, high NA objective) and requires only tens of images per timepoint, allowing one to easily investigate dynamic 3D structures 6 .
There have been an increasing number of approaches to study the organization of bacterial cells in 3D structures. These include approaches conceptually similar to this that take advantage of high quality, 3D fluorescence images 30, 31, 32 . This approach requires well isolated cells and makes no a priori assumptions about cellular geometry. However, to move into dense cellular aggregates or biofilms, the cells are assumed to be rod-like. This lower resolution view still enables investigating packing arrangements of the cells, although the high density of cells in the biofilm prevents analysis of the subcellular localization of specific factors.
In the future, it may be interesting to develop a framework to integrate the single molecule and wide-field approaches with this 3D reconstruction technique. Moreover, it may be possible to include this forward convolution approach with machine vision segmentation tools 32 to allow for reconstructions of more dense cell clusters.
Why cells evolved into specific shapes is a complex issue that must reflect the complex environment in which they live. Understanding the evolution and function of cell shapes requires taking precise and accurate measurements of those shapes, which is what this method provides.
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